Purpose: The purpose was to determine the interchangeability of ultrasound biomicroscopy (UBM) and anterior segment optical coherence tomography (AS-OCT) for corneal opacity depth measurement.
T wo imaging modalities, ultrasound biomicroscopy (UBM) and anterior segment optical coherence tomography (AS-OCT), are currently available for cross-sectional corneal imaging and analysis of the presence of corneal opacity. UBM uses ultrahigh frequency acoustic waves. It has been applied in penetrating keratoplasty for patients with corneal scars. 1 UBM is a contact modality that requires topical anesthesia and a water bath with the patient in a supine position. AS-OCT uses a near-infrared laser as its source. AS-OCT has been shown to be capable of clearly defining the rim of corneal opacity, thus making it possible to measure the corneal opacity depth. This facilitates decision making regarding lamellar keratoplasty (LKP) and phototherapeutic keratectomy in a noncontact and noninvasive way. 2, 3 AS-OCT and UBM have yielded comparable results for measuring central corneal thickness in normal eyes. 4 Corneal scars with an increased group index have been reported to result in variability in corneal thickness measurements by OCT based on the nature of the lasers. 5 Thus, it is unclear whether interchangeable results can still be used, as we do with normal subjects when the cornea is opaque. Therefore, we conducted a comparative study to determine the interchangeability between AS-OCT and UBM for assessing corneal opacity depth, as well as full corneal thickness, and to ascertain these modalities' usefulness when choosing an appropriate type of surgery to remove opaque corneal tissues. 6 
PATIENTS AND METHODS

Patients
In this study, 26 eyes of 26 consecutive patients who had corneal opacities were prospectively enrolled and examined by both AS-OCT and UBM before surgery from July 2007 to June 2008. Nine of the patients had undergone LKP with the manual dissection technique under the guidance of corneal imaging, and they were reexamined by AS-OCT 2 weeks after surgery. Informed consent was obtained from every participant before the examination. This study was conducted at Zhongshan Ophthalmic Center of Sun Yat-sen University and approved by the Institutional Review Board.
Examinations With AS-OCT and UBM
The same experienced operator (X.-Y.C.) performed both examinations. The OCT system (Visante AS-OCT, model 1000; Carl Zeiss Meditec International, Dublin, CA) in this study operated using an infrared light with a wavelength of 1310 nm as its light source. Both "high-resolution quad" and "anterior segment single" scan modes with resolutions of 18 mm (tissue distance equivalent) axially and 60 mm laterally were performed for each eye, and the eye fixations were monitored. The high-resolution scan produced a 10-mm-long line that contained 512 A-scans with a scan acquisition time of 0.25 seconds per line, whereas the anterior segment scan produced a 16-mm-long line that contained 256 A-scans with a scan acquisition time of 0.125 seconds per line. During the examinations, the patients were seated, with the head well positioned on the chin and the forehead resting, looking at the center of an internal fixation target. External fixation was used if the patient had vision impairment in the examined eye. The operator adjusted the infrared light on the center of the cornea and the noise level to obtain a clear image. A vertical flare in the central corneal zone enabled the identification of the corneal vertex.
An ultrasound biomicroscope (Paradigm Plus Model P45; Paradigm Medical Industries, Salt Lake City, UT) with a 50-MHz transducer, providing a resolution of 50 mm and a view field of 5 · 5 mm, was used in this study. While the patients were in the supine position, each eye was anesthetized with 1 drop of 0.5% proparacaine hydrochloride (Alcaine eye drops; Alcon, Inc, Fort Worth, TX). A suitable eyecup was inserted into the conjunctival sac to facilitate the use of a coupling solution (normal saline). The transducer was immersed in the solution and positioned properly to ensure a clear corneal image on the screen. The patient was asked to look at a fixation target on the ceiling with the other eye. Four scan directions were also taken with the OCT (using the same position and orientation). Each eye was examined in its axial section, with the probe kept perpendicular to the corneal surface. To ensure perpendicularity, the transducer head was adjusted until the brightest reflection lines from the various corneal layers were observed in real time and with the help of an iris plane.
Measurements and Analysis of the AS-OCT and UBM Images
Both AS-OCT and UBM images of horizontal and vertical directions through the corneal vertex were used in the analysis. The AS-OCT images were analyzed, and the parameters were measured with the machine's built-in software. For analyzing the UBM images, we developed a computer program based on Visual Basic C++ computer language to register the UBM images. The program provided tools for adjusting the signal-to-noise ratio and measuring the thickness, as well as the distance, and it showed a wave of signal amplitude along any vertical or horizontal line on the image. Each axial scan was sampled digitally at 512 points, giving an axial pixel size of 9.8 mm in air. The human operator used the computer cursor to identify the deepest rim of the corneal scar with the help of signal peaks. The computer then calculated the thickness automatically using the designed program. The thicknesses of the full corneas and the corneal scars were measured perpendicular to the corneal surface by the programmer automatically. Both the OCT and the UBM images were analyzed by 2 of the authors (S.-Y.Z. and C.-X.W.), and the mean values from the 2 analyses were then used as the measurement. Before the analysis, both authors worked together to read the images, as well as the clinical pictures, and to determine the deepest rim of corneal opacity for the measurement point. All images masked the identity of the patients. The UBM measurements were then graded and taken that day; the OCT measurements were made on subsequent days. Depending on the location of the corneal opacities, a horizontal or a vertical scan line was chosen for the analysis. To ensure the measurement points in the midperipheral cornea were identical, both the distance from the visual axis to the selected point and the corneal opacity profiles were assumed as the same. The distance from the visual axis to the selected point with a clear rim of the corneal opacity was determined in the UBM images first and then in the OCT images. For those eyes in which a clear opacity rim could not be defined in the central cornea by both devices, a paracentral corneal point with a clear rim was selected for measurement comparison. For those eyes that had undergone LKP, the thickness of the (presumed healthy) deep cornea with normal light reflectivity preoperatively and the residual native corneal stroma postoperatively were measured at the same point.
Statistical Analysis
For data analysis, SPSS for Microsoft Windows software (version 13.0; SPSS, Inc, Chicago, IL) was used. The data are presented as mean ± SD. The mean values of the full corneal thickness and the corneal opacity depth measured by AS-OCT and UBM were compared using a paired 2-sided t test. In addition, the Pearson correlation coefficient (r) was calculated to assess the correlation between the paired parameters measured with both imaging modalities. The limits of agreement (LoAs) were analyzed using a Bland-Altman plot for checking the interchangeability of these two imaging techniques. 7 The LoAs were defined as mean ± 1.96 SD of the differences in measurements between the 2 methods. If the limits were found to be clinically relevant, the 2 methods could not be used interchangeably. A P value less than 0.05 was considered as statistically significant.
RESULTS
The clinical features of the study population are listed in Table 1 . Patients' age ranged from 14 to 70 years (mean, 35.2 ± 15.3 years). Complete cross-sectional images with clear anterior and posterior corneal boundaries were obtained in all eyes by both UBM and AS-OCT, except in one eye, where AS-OCT revealed an intrastromal corneal foreign body (Fig. 1 ). The rim of the corneal opacity was clearly defined in 22 of the 26 eyes at the central cornea and in all the eyes at the paracentral cornea by both devices, but it could not be observed at the central cornea in 4 eyes with AS-OCT and 1 eye with UBM. The intensity of the signal reflection did not show a marked difference between the corneal nebula, macula, and leucoma with either imaging technology.
For patients with corneal opacity due to herpes simplex keratitis, chemical burns, and lamellar graft rejection, AS-OCT showed a sharper interface between the opaque corneal tissues and the adjacent normal corneal tissues than UBM did in the off-center area. However, in the center, back-scattered light from deep opaque corneal tissues in the AS-OCT images usually merged together with the hyperreflection from the normal posterior cornea when the anterior corneal opacity was very close to the Descemet membrane. The AS-OCT images provided more detail than the UBM images. For example, some granules and discrete lines with strong signal reflection identical to keratic precipitates and corneal neovascular vessels were visible using AS-OCT but not UBM.
For the patients with corneal opacity due to granular corneal dystrophy, clear spots or granular masses of hyperreflection in the cornea (even on the posterior boundary) were visible using AS-OCT but not UBM. For patients with lattice corneal dystrophy, clear spots or lines with stronger hyperreflection in the central stroma with diffuse signal hyperreflection were noted in the AS-OCT images without a clear distance to the posterior boundary. A dark narrow band between the stromal area with diffuse and irregular hyperreflection and the posterior corneal boundary was also visible in the UBM images. For advanced-stage macular corneal dystrophy, both AS-OCT and UBM showed diffuse signal hyperreflection in the corneal stroma without a clear distance to the posterior boundary (Fig. 2) .
The differences in full corneal thickness and in corneal opacity depth at the deepest corneal opacity measured by AS-OCT and UBM in 25 of the 26 eyes were 5 ± 7 mm (95% confidence interval, 2.3-8.2) and 21 ± 8 mm (95% confidence interval, 23.9 to 2.3), respectively. OCT produced greater readings for corneal thickness (t = 3.665, P = 0.001) but almost the same readings for corneal opacity depth measurements (t = 20.53, P = 0.601). A strong correlation was noted in the paired parameter. The Pearson coefficient was higher than 0.99 for all paired parameters (P , 0.001, Table 2 ). In terms of the Bland-Altman analysis, the ranges of agreement, defined as 1.96 SD, were 14 mm (1.33% of the average reading) for full corneal thickness and 14.8 mm (2.07% of the average reading) for corneal opacity depth. Considering the accuracy of the axial scan in the AS-OCT (±15 mm over 6 mm of tissue distance equivalent), 8 the resolution of UBM of 50 mm, and the properties of the magnitudes, the above LoAs were acceptable.
For the eyes that underwent anterior LKP with the manual dissection technique, the thickness of the residual recipient cornea postoperatively was 287 ± 199 mm, which was 18 ± 25 mm thinner than the thickness of the deep corneal tissues (305 ± 192 mm) with normal signal reflection preoperatively (n = 9, t = 3.128, P = 0.006). Therefore, this indicated that the presumed overlying corneal opacities were completely removed during surgery, and this was further demonstrated by slit-lamp biomicroscopy postoperatively. Nebula means that the iris was clearly seen through a corneal opacity, Macula was unclear, and Leucoma unable to be seen. 
DISCUSSION
Both UBM and OCT use a similar imaging principle, which uses back-scattered signals reflected from different layers of tissues and then reconstructs structural images. Corneal opacity exhibits signal hyperreflectivity in both OCT and UBM imaging. Theoretically, UBM imaging reaches an axial and transverse resolution of 50 mm, whereas AS-OCT provides an axial resolution of 18 mm and a transverse resolution of 60 mm. In fact, they did not show sufficient resolution to visualize Bowman or Descemet membranes, both of which are approximately 10-15 mm thick. The AS-OCT images revealed more information in greater detail and sharper rims of corneal opacity than the UBM images in this study, especially in the paracentral cornea.
In the current study and in earlier work, the normal central corneal stroma was observed as a reverse wedge-shaped pattern with a posterior increase of reflectivity in OCT images. 2, 9 When the opacity is very close to the Descemet membrane, this pattern of signal reflection renders OCT systems unable to differentiate the posterior rim of corneal opacity from the normal posterior corneal stroma in the central cornea. Our results showed that UBM could not always detect this small difference either in this condition. A newly developed full-range spectral domain OCT system may be able to show the Descemet membrane and the small difference in contour for imaging eyes with corneal opacity. 10 Furthermore, because of its acoustic wave nature, UBM was able to bypass dense opacity and then image all the cornea's layers, including a foreign body in the corneal stroma.
According to the user's manual issued by the manufacturer, OCT measured thinner than ultrasound pachymetry for corneal thickness in a study of 156 eyes (215.0 ± 13 mm). 8 OCT measurements have also been reported to be well correlated with UBM measurements for central corneal thickness in normal eyes. 4 A difference of 16.11 mm was reported to be an acceptable LoA between the Visante OCT system and a 50-MHz ultrasound scanning system for measuring central corneal thickness in 20 normal eyes. 11 When comparing Visante OCT with ultrasound pachymetry (50 MHZ probe) for corneal thickness in eyes with corneal opacities, a difference of 13.6 ± 38 mm was reported 2 ; that is, the LoAs (1.96 SD) should be 74 mm. The difference between the Visante OCT and ultrasound pachymetry measurements is clinically relevant. Thus, this is unacceptable for determining the interchangeability of AS-OCT and ultrasound pachymetry, although the results were highly correlated. To the best of our knowledge, there has been no reported comparison in PubMed of OCT and UBM measurements of eyes with corneal opacity. In this study, we analyzed the interchangeability of Visante OCT and Paradigm UBM for measuring the corneal thickness, and the corneal opacity depth, in eyes with corneal opacities. Our results indicated that the interchangeability of these 2 systems is clinically acceptable for both parameters. OCT gave a slightly higher reading than UBM for corneal thickness measurement in eyes with corneal opacity and the same reading for corneal opacity depth.
There are concerns with regard to both OCT and UBM measurements of corneal opacities because the abnormal tissue may have a different optical index and a different ultrasound velocity compared with normal tissue. In general, these cause opposite changes in the apparent corneal thickness in OCT and UBM. For example, if the scar is denser than a normal cornea (less hydrated), then the optical index would be higher, causing the tissue to appear thicker on OCT, and the ultrasound velocity would be higher, causing the tissue to appear thinner on UBM. The fact that the findings of OCT and UBM agreed well in our study shows that these artifacts are small and not clinically significant. This is important for corneal surgeons to know to enable them to have confidence in the measurements made by these 2 technologies. Because of its noncontact character, OCT would be better than UBM for examining patients after surgery. Ideally, a new type of OCT system could be developed, and this system could be adapted to a surgical microscope for instructing and monitoring corneal dissection during surgery.
The cases enrolled in this study suffered from different conditions. The location, size, and density of the corneal opacities were different. The same operator performed the examinations to ensure that the images were obtained through the same direction. Nevertheless, it is still very difficult to ensure that both UBM and OCT scans are made through the same corneal section. To avoid the bias by analysts on reading images at the same time, both UBM and OCT images masked the identity of the patients, and the UBM and OCT measurements were graded and performed on different days. To minimize the interobserver differences, which may affect the reliability of the data, 2 of the authors were asked to work together to read the same image and to determine the point for measurement and then complete the measurements. The program that we developed and the machine's built-in software provided both the UBM and the OCT measurements of this preset point. The readings by the different examiners were almost the same. Therefore, the difference and reproducibility of the measurements was not provided here.
The measurement of the corneal scar depth with UBM and OCT differed by a small amount (21 ± 8 mm). We think that the tight correlation of the scar depth with these 2 technologies was because of the following 3 reasons. First, the precision (SD of the repeat measurements) is usually better than the resolution in high-contrast situations. Both the anterior border of the cornea and the posterior boundary of the scar exhibit high-contrast boundaries. Second, the precision is improved by averaging over many axial scans. For this reason, the precision of ultrasound pachymetry is usually 1-3 mm. 12, 13 In our study, we measured the boundaries on a cross-sectional image (B-scans) and, therefore, information from several nearby A-scans was used to draw a demarcation. This enhances the precision over what is possible with any single axial scan. Third, the spatial sampling interval in both UBM and OCT is much smaller than the resolution, making higher precision possible. The precision of UBM and OCT measurements is often much higher than the full width at half-maximum resolution values for the above reasons.
The clear recipient corneal beds postoperatively were 18 ± 25 mm thinner than those of (presumed healthy) deep corneas preoperatively, making it possible to roughly judge the accuracy of the AS-OCT measurements of the corneal opacity depth. This fact may be partly due to the use of manual demarcation to identify the border of the corneal opacity in the OCT measurements, in contrast to the UBM measurements, where automatic determination with the help of signal peaks was used. However, we could not determine whether OCT or UBM was more precise for measuring the corneal opacity depth because of the lack of a gold standard method for comparison and the lack of topography-guided ablation with an investigational laser system. Light micrographs of fixed tissue might provide a standard reference for comparison. However, this method also has possible limitations because of high individual variability and possible artificial changes in tissue morphology. 14 Although overall changes in the corneal thickness and marked pathological changes were easily determined by OCT or UBM, the precise location of intracorneal tissue boundaries and fine adjacent substructures was difficult to define, especially in the UBM images. The interpretation of imaging features is based on presumptive correlations with known clinical features. Moreover, the assessment of optical density and reflectivity is qualitative and insufficient to distinguish tissue types. Although the reproducibility of both instruments for measuring central corneal thickness has been reported to be excellent in normal eyes, 15, 16 we did not investigate the reproducibility of both devices for imaging opaque corneas in this study.
In conclusion, both AS-OCT and UBM could offer an objective way of recording and measuring the depth of corneal opacities. The corneal structure imaging abilities of AS-OCT and UBM have significant applications for anterior lamellar keratoplasty, although they are unable to provide cellular-level resolution or to define the rim of deep corneal opacity satisfactorily. The Visante AS-OCT system and Paradigm ultrasound system may be used interchangeably for measuring both corneal thickness and corneal opacity depth in eyes with corneal opacity. As a noncontact imaging device, AS-OCT allows for safe and comfortable in vitro imaging in the early postoperative period.
